Phosphorus release from bottom sediments studied in two zones of Lake Uzarzewskie differing in depth and water oxygenation displayed seasonal and spatial variability. The experiments indicated that the lake receives considerable internal loading, especially from the deeper, anaerobic, rarely-mixed part of the lake. Meanwhile, the shallow zone situated in the 0-3 m depth range, could be a sink for phosphorus during spring and a source during other seasons of the year. The total loading of phosphorus from the bottom sediments was over 950 kg year -1 P, and 83% of this amount originated from the deeper part of the lake. The mean release from this part was 24.89 mg m -2 d -1 P and the maximum in fall was 35.4 mg m -2 d -1 P.
INTRODUCTION
Bottom sediments are an important element of lake ecosystems as they take part in internal processes of nutrient cycling. Their most important role is the accumulation and mobilization of nutrients. Sediments in some lakes can act as nutrient sinks, while in others they are a considerable source of nutrients, especially in hypertrophic lakes (Boström et al. 1988 , Golterman 1995 , Wang et al. 2003 . Phosphorus release across the sediment-water interface and its transport to the trophogenic zone may be more intense than its sorption and sedimentation. Such internal loading can be one of the most important phosphorus sources for lake ecosystems during the summer season (Boström et al. 1988 , Kowalczewska-Madura and Gołdyn 2010 . Some general prediction models of these processes have already been developed; however, in many cases unpredictable local factors are of great importance (Boström et al. 1982 , Pant and Reddy 2001 , Wang et al. 2003 , KowalczewskaMadura and Gołdyn 2010 . The most important factors influencing the release of phosphorus are: temperature (Kelderman 1984 , Psenner 1984 , Forsberg 1989 , pH (Lijklema 1980 , Boström et al. 1988 , Moore and Reddy 1994 , the concentration of oxygen in the surface layer of sediments and in the near-water layer , Wiśniewski and Planter 1987 , Ishikawa and Nishimura 1989 , Uchmański et al. 1993 , Kleeberg and Dudel 1997 , the concentration of Fe and Mn (Murphy et al. 2001 , Czerwieniec 2002 , Søndergaard et al. 2002 , and bioturbation by macroinvertebrates (Andersson et al. 1988 , Tatrai 1988 , Swan et al. 2007 .
The aim of the research was to determine which processes (release or accumulation) dominate the internal phosphorous cycling in Lake Uzarzewskie and the direction of the resultant transport across the sediment-water interface. An important issue for the planned restoration of the lake was also to trace the seasonal and spatial variability of this process.
MATERIALS AND METHODS
Lake Uzarzewskie is a kettle-shaped water body located in the village of Uzarzewo. It is located on km 17 of the Cybina River, a right tributary of the Warta River. According to data from the 1960s, the lake had a surface area of 14.78 ha, a maximum depth of 12.3 m, and an average depth of 6.1 m (Jenek et al. 1979) . The most recent data (Jańczak 1996) reports that the surface area is 10.6 ha and the depths are 7.3 m and 3.4 m, respectively. The rapid silting of the lake has been mainly due to intensive fish farming on the middle course of the river over the last 20 years (Gołdyn and Grabia 1998) . The water volume of the lake is now 360,400 m 3 .
Samples of bottom sediments were taken six times in the period from April 2005 to February 2006 at two stations (Fig. 1) . Station 1 was situated in the central part of the lake in the deepest place, while station 2 was in the littoral zone at a water depth of 2 m. The experiments of phosphorus release from bottom sediments were done ex situ using undisturbed sediment cores in tubes that had been sampled with a modified Kajak bottom sampler. Each transparent tube contained the collected sediment sample (ca. 10 cm layer) and overlying water (ca. 30 cm). Every sample was collected in three to five replicates. The cores were incubated under laboratory conditions at temperatures and oxygen concentrations that corresponded to ambient values determined during field research. Depending on the oxygenation of the overlying water, the experiments were conducted under aerobic or anaerobic conditions. In the first case they were aerated using aquarium air pumps connected to air stones or the tubes were left opened. In the second, the tubes were kept sealed. Samples of water from above the sediments were collected at definite intervals (1-3 days) over a period of two weeks from every tube. Analyses of total phosphorus content were done spectrophotometrically with ascorbic acid as the reducer (ISO, 2004) .
Ex situ experiments permitted determining if the resultant process was the release or cumulation of phosphorus in the bottom sediments. These experimental results from every tube were recalculated to 1 m 2 per day (in consideration of the overlying water volume in the tubes and the sediment Fig. 1 . The location of research stations in Lake Uzarzewskie (according to Jenek et al. 1979, modified) .
surface of the cores). Next, mean values were calculated for the data from all the tubes used in each experiment at each research station. Two zones were identified with the bathymetric map of the lake: (I) shallow (0-3 m) in which sediments are in contact with well-oxygenated epilimnetic water, and (II) deep (3-7 m) characterized by the contact of sediments with anoxic or anaerobic meta-and hypolimnetic waters. These conditions were evaluated based on oxygen concentrations in the water of Lake Uzarzewskie, which was measured from April to September. Phosphorus release from zone I was estimated using data from experiments with cores from station 2, and calculations for zone II were done using data from station 1. Zone I with the active bottom had an area of 1.89 ha, while in the deeper zone II it was 8.69 ha.
Statistical correlation analyses proved the relationship between phosphorus release and the near-bottom water temperature at station 1, and, additionally, with days from the beginning of the spring mixing in the case of station 2. Using these equations and water temperature, the phosphorus release for both stations in every month of the year was calculated. The monthly loading from the bottom sediments was determined by multiplying these data by the number of days per month and the area of zones (in m 2 ).
RESULTS
The results obtained in one experiment displayed diversity between the tubes taken from one station (Table 1, Fig. 2 ). They were much more diverse at station 1 than at station 2 and in summer than in winter ( (Fig. 3) . During this period they were much lower in the shallow part, and from March to May the accumulation of phosphorus by the bottom sediments was even observed. It reached 15.41 mg m -2 d -1 P (Fig. 3) in April. The comparison of the intensity of phosphorus release in different seasons indicated that the greatest value for the total lake occurred in fall (83.5 mg m -2 d -1 P), and the lowest was in spring (14.3 mg m -2 d -1 P). Individual phosphorus release (for the unit of sediment surface) was higher in the shallow zone than in the deeper one, except in spring (Fig. 4) .
Internal phosphorus loading, calculated for the particular zones of the lake, was much higher in zone II, which covered 82% of lake area (Table 2) . It reached 3.07 kg d -1 P in November. A similar value was also noted in June at 3.04 kg d -1 P. The maximum in zone I was noted in October at 1.18 kg d -1 P (Fig. 5) .
The calculation of phosphorus release for the whole bottom area revealed total average phosphorus loading in Lake Uzarzewskie as high as 953.81 kg year -1 P. Moreover, the loading in deeper part of lake was six times higher than in the active bottom zone (Table 2) .
DISCUSSION
The experimental research indicated that the bottom sediments of Lake Uzarzewskie can be both a source and a sink of phosphorus in this ecosystem. The dynamics of phosphorus per unit area within the shallow bottom zone 
Table 2
Mean annual internal phosphorus loading from bottom sediments in Lake Uzarzewskie divided between two zones. revealed distinct accumulation in spring. Many authors report such phosphorus accumulation by bottom sediments from the water column under good oxygen conditions (Boström et al. 1982 , Peters and Cattaneo 1984 , Fowler et al. 1987 , Marsden 1989 , James and Barko 1991 , Behrendt et al. 1993 , Uchmański et al. 1993 , Andersen and Ring 1999 . Well-oxygenated lake water in this season (the concentration of dissolved oxygen was as high as 13.8 mg l -1 O 2 (Gołdyn et al. 2006) ) caused phosphorus precipitation, e.g., with iron compounds and their immobilization in the sediments (Søndergaard et al. 2002) . Fast, short-term changes in oxygen conditions in the sediment-water interface in shallow lakes are very important (Marsden 1989) , and are connected mainly with short-term temperature stratification (Behrendt et al. 1993) , which may cause phosphorus concentration gradients in the contact zone due to increased release. Factors that regulate the deposition or release of phosphorus in shallow lakes may be subject to radical change in very short periods of days or even hours (Psenner 1984) . Nevertheless, sediments in the shallow zone of Lake Uzarzewskie were a very important source of phosphorus in fall. Golosov and Ignatieva (1999) also reported that the most intense exchange of phosphorus between the sediment and water column occurred in fall. The diffusion process was stimulated then by the faster temperature decrease in water than in the sediment.
In the deeper zone of the lake the even release of phosphorus was observed in almost all seasons throughout the year. Slightly higher values were observed only at the beginning of summer and in fall. The lake is surrounded by tall trees that overgrow the slopes on the sides of the lake, so it is characterized by bradymictic circulation that occurs during a short time in fall. This is why phosphorus released from the sediments stayed near the bottom for a long time. Its penetration to the epilimnion is, however, possible due to gas bubbles released from the sediments. These gases caused the resuspension of sediments, which increased the release of phosphorus from pore waters to the hypolimnetic waters, but these bubbles also lifted hypolimnetic water directly to the surface , Kentzer 2001 . In spite of the high values of phosphorus release observed in the shallow zone in fall, the comparison of average annual values indicated that release was similar from the unit areas of both zones (23.57 mg m -2 d -1 P in the shallow zone and 24.89 mg m -2 d -1 P in the deep zone). The difference in the area covered by the zones meant that the share of loading from the deep zone was 83% of the total internal loading from the bottom sediments.
The release of phosphorus in Lake Uzarzewskie was on average 24.7 mg m -2 d -1 P. This value was higher in comparison with other eutrophic lakes, e.g., the Mazurian Lakes, where it ranged from 0.0 to 21.1 mg m -2 d -1 P , Wiśniewski and Rzepecki 1996 . However, it was lower than values observed in hypertrophic lakes in Germany and Denmark, which ranged from 2.6 to 145 mg m -2 d -1 P (Kleeberg 1997 , Søndergaard et al. 2001 , Kleeberg and Kozerski 1997 , Kozerski and Kleeberg 1998 .
CONCLUSIONS
The bottom sediments in Lake Uzarzewskie were a significant source and only periodically a sink for phosphorus. The accumulation of phosphorus was observed in the shallow part of the lake in spring when it reached 15.41 mg m -2 d -1 P. Meanwhile, bottom sediments in the deep part of the lake were an important source of nutrients. Both zones were sources during other seasons, and made the highest contribution in fall. In spite of very similar annual average values of phosphorus release from the unit areas of both zones, loading from the deep zone was more significant as its share was 83% of the total internal loading from the sediments.
